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Abstract 
  
As fossil fuels and traditional energy sources become depleted, the need for 
renewable alternatives increases.  Solar energy is one of the most popular amongst the 
renewable energy sources considered as alternative energy sources due to its seemingly 
endless supply.  Recently, the U.S. Department of Energy decided to further explore how 
to increase the storage capacity of solar thermal energy storage systems by using higher 
temperature storage media.  In an effort to develop a thermal energy storage system 
capable of operating at temperatures higher than current thermal energy storage systems, 
a team at Lehigh University has decided to use Zinc as a phase change storage medium 
encapsulated in Nickel at an operating temperature of 450°C.  Preliminary results 
obtained from drop calorimetry tests performed on lab-scale specimen showed that the 
efficiency and amount of pure Zinc available to store energy decreased with increasing 
numbers of melting/solidification cycles.  It was found that interaction at the interface 
between molten Zinc and solid Nickel produced intermediate phases, which consumed 
the Zinc and Nickel.   
 In order to obtain conclusive evidence of the formation of the intermediate phases 
between Nickel and Zinc, this study serves to identify the intermediate phases and 
determine a relationship between their thicknesses and exposure durations.  Tests were 
conducted, in which Nickel rods were dipped into molten Zinc at 450°C then removed 
and quenched in water after exposure times of 1 hour, 2 hours, 4 hours, 8 hours, and 16 
hours.  The specimens were then metallographically prepared and analyzed using light 
optical microscopy, electron probe microanalysis (EPMA), and electron backscattered 
diffraction (EBSD).   
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It was found that two intermediate phases formed as sequential layers between the 
Nickel and Zinc.  These layers were identified by a combination of electron probe 
microanalysis (EPMA) and electron backscattered diffraction (EBSD) as the γ and δ 
phase homogeneity regions according to the binary Ni-Zn equilibrium phase diagram.  
The average composition ranges associated the γ and δ phases, as determined by EPMA, 
were 78.54 wt.% Zn to 85.46 wt.% Zn and 87.59 wt.% Zn to 90.12 wt.% Zn, 
respectively.  EBSD confirmed the presence of the γ and δ phases regions and the two 
phases were indexed as NiZn3 and Ni3Zn22, respectively.  The thicknesses of the γ and δ 
phases were found to be proportional to the exposure time; however the growth rate of 
each phase was found to decrease with increasing exposure time.  This can be attributed 
to further growth becoming dependent on diffusion of Nickel and Zinc atoms through the 
thickness of each layer.  The total combined thickness ranged from 25 µm in the 
specimen exposed to molten Zinc for 1 hour to 335 µm in the specimen exposed for 16 
hours.   
This work shows that the formation of the two intermediate phases, γ and δ, 
consumes Zinc and Nickel in the process and that the total layer thickness increase as the 
exposure time increases.  Combined with previous results from drop calorimetry, these 
results suggest that Zinc-based thermal energy storage systems are not feasible.  The 
capacity of the Zinc to store energy upon successive phase changes decreases due to the 
formation and growth of the γ and δ phases, which limit the amount of Zinc available for 
energy storage. 
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1 Background 
1.1 The U.S. DOE interests in Molten Metal as Energy Storage Media 
Within the last thirty years the need for an alternative to fossil fuels as a source of 
energy has grown considerably.  Renewable energies, such as wind, hydro, geothermal, 
solar, biomass, and fuel cells are at the forefront of this research [1].  In an effort to 
lessen the dependence on fossil fuels the U.S. Department of Energy (DOE) and other 
institutions are funding research of renewable energy sources for implementation as well 
as to update existing systems.  Of the renewable energies receiving funding, solar energy 
stands out as the fastest growing technology.  From 2008 to 2009 the solar energy sector 
of energy production increased approximately 52% and is expected to continue to 
increase [2].  Solar energy, comprised of photovoltaic and solar trough collection, 
accounted for approximately 0.1% of all the energy generated in the U.S. in 2009 [1]. 
 Even though this is only a small portion of the U.S.’s total energy production compared 
to hydropower, natural gas, coal, and nuclear; solar energy remains extremely appealing 
due to the limitless abundance of the sun. 
The main disadvantage of solar energy is found in storage.  Unlike other 
technologies, where the energy generated goes directly into the electrical grid and 
production occurs continuously, solar energy production is limited to the available hours 
of sunlight in any given location.  Any production of energy that is in excess of the 
energy needed to meet base-load requirements must be stored for use when no energy is 
being collected.  However, the capacity of solar power plants to operate without sunlight 
or a supplement does not extend much beyond three to seven hours [3].  These short 
storage durations are insufficient in cases where sunlight is sparse due to the climate, 
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weather, or season.  The efficiency of solar energy plants decreases as the stored energy 
dissipates without being used.  Because of this, solar energy experiences difficulties when 
competing as a base load power supply.  
The current storage method for solar concentration plants is thermal energy 
storage (TES).  This technology exploits the latent heat and sensible heat of a material to 
store energy.  The materials used in these storage systems are referred to as phase change 
materials (PCM) and typically have low melting temperatures.  A PCM is any material 
that undergoes a phase change (mainly solid to liquid or liquid to gas and vice versa) 
upon heating or cooling, during which energy may be stored in the latent and sensible 
heat.  To store energy, the concentrated solar energy heats a transfer fluid, which is 
pumped to the energy storage tanks.  The heat transfer fluids then raise the temperature of 
encapsulated PCMs (EPCM) to an optimum operating temperature above the PCMs 
melting temperature.  During storage, the EPCMs are kept at the optimum temperature 
until the thermal energy is needed, at which time the system discharges and the PCMs 
solidify giving back the thermal energy.   
The first largely successful uses of solar TES were implemented in the 1980s and 
1990s.  These systems used eutectic mixtures of salts to produce a single phase change 
upon melting and solidification.  Solar Two, a second generation solar concentration 
plant built by Sandia National Laboratories, had the capacity to continue running for up 
to three hours after sunset with the use of a molten eutectic salt mixture stored in large 
tanks as a PCM [4].  Other solar concentration plants using similar eutectic salt mixtures 
were installed in Spain, South America, France, and other countries after the successful 
implementation of salt PCMs in Solar Two.  Examples of some of the common salts with 
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their respective melting temperatures and latent heats of fusion used in solar TES systems 
as PCMs are shown in Table 1. 
Table 1.  Common salts used in solar TES systems along with their melting temperatures and 
latent heats of fusion. 
 
 
Even though salt PCMs are promising as TES media for solar concentration 
plants, the salt PCM storage systems are lacking in storage duration and have low 
operating temperatures that inhibit efficiency.  However, it should be noted that 
extremely high operating temperatures are not optimal for solar TES systems.  Solar 
concentration plants, such as Andasol 1 and 2 in Spain, can only store and supply usable 
energy for seven and a half hours after collection ends, which is the longest duration 
currently available [5].  For some geographic regions, storage durations of seven and a 
half hours are acceptable, but for regions where sunlight may be limited, longer storage 
durations are needed.  Some more recent research and proposals are pursuing 100 MWe 
TES systems that can store and supply energy for up to twenty-four hours.  This type of 
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TES system requires different materials than the current salt PCMs, which can only 
operate at temperatures up to approximately 400°C.   
In an effort to increase the storage duration, storage capacity, and overall 
efficiency of solar TES systems, materials that can operate within a 400-500°C 
temperature range and have comparable latent heats of fusion to salts are being 
considered.  Materials with higher melting temperatures will enable solar TES systems to 
store energy at higher temperatures, which can then generate higher enthalpy steam for 
better Rankine cycle performance [6].  Some metals are being considered as EPCMs 
because of their comparable latent heats and higher melting temperatures with respect to 
salts.  Not only are metals more stable at temperatures above their melting temperatures, 
they also don’t suffer from dissociation of their constituents at elevated temperatures or 
corrode their encapsulating materials.  Lauf and Hamby [7] have shown results for the 
use of gallium as a PCM encapsulated in graphite canisters at elevated temperatures 
around 1200K.  They also reported results on LiF-20%CaF2 contained in Haynes 188 
canisters at 1040K.  These systems, however, were intended for gas turbine Brayton 
cycles, but show that the material capacity to operate at high temperatures exists.  It 
should be noted that even though PCMs may be used at high temperatures, the upper 
limit of the operating temperature of the TES system may still be limited by the heat 
transfer fluid.  High temperatures, with respect to solar TES systems, are around 300-
400°C.  More recently, however, salts are being used as high temperature heat transfer 
fluids instead of oils and water [8]. 
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1.2 Zinc as a Phase Change Material 
Recently, pure metals have been the focus as PCMs for a few new TES system 
that will utilize PCM-filled capsules or rods and operate in a temperature range from 
450°C to 500°C.  In this design a heat transfer fluid, heated by concentrated solar energy, 
will flow through a tank containing a packed bed of PCM-filled capsules or aligned 
PCM-filled rods.  The heat transfer fluid will charge the system by melting the metal 
PCM and then remain at the operating temperature above the melting temperature of the 
metal PCM.  During discharge of the system, the heat transfer fluid, no longer heated by 
concentrated solar energy, extracts the thermal energy from the capsules or rods for 
usable energy production much like conventional TES systems.   
This system in particular makes use of Zinc as a EPCM because its melting 
temperature is 419.53°C (approximately 30°C below the operating temperature of the 
system) and it has a latent heat of fusion of approximately 26.6 cal/g or 111.3 J/g [9]. 
Zinc’s higher melting temperature and latent heat of fusion, comparable to that of some 
common salt PCMs, will theoretically allow the TES system to store more energy for 
longer periods of time.  However, just like the salt PCMs, metal PCMs must also be 
contained within the system.  Therefore commercially pure Nickel was selected to be 
used as the encapsulation material.  As an alternative to commercially pure Nickel, 
stainless steel has also been chosen as an encapsulation material.  Stainless steel and 
Nickel have excellent corrosion resistance as well as high temperature mechanical 
properties, which make them good candidates for use as encapsulation materials at 
elevated temperatures. 
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While metal PCMs may be preferable to salt PCMs due to their relatively high 
operating temperature ranges and high temperature stabilities, interactions between 
molten metals and solid metals as PCM and encapsulation material, respectively, can be 
detrimental.  Preliminary work by Zhao et al. [6] on the particular TES system discussed 
here using Zinc as a PCM has shown that the efficiency of the system will decrease after 
each successive storage cycle.  In this study a drop calorimeter was used to determine the 
thermal storage capabilities at 450°C of Zinc based EPCMs encapsulated in stainless 
steel 304L as a precursor for Nickel encapsulated Zinc.  Table 2 shows the data obtained 
from the drop calorimetry tests for a sample that underwent seven melting/solidifying 
cycles.  The data shows that as the number of cycles increased the amount of pure Zinc 
remaining to store energy in the next cycle decreased.  The decrease of available, pure 
Zinc was reported to be due to interaction of the molten Zinc with the stainless steel and 
subsequent formation of intermediate phases.  These intermediate phases found in the 
calorimetry specimens led to the investigation of the formation of intermediate phases in 
the Nickel Zinc system as well as   
Table 2.  Results obtained from drop calorimetry tests for Zinc based EPCMs encapsulated in 
SS304L [6]. 
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1.3 General Intermediate Phase Formation in Metallic Systems 
Intermediate phase formation is common in all dissimilar metal systems.  The 
formation may happen slowly or rapidly depending on the system and can be present in a 
variety of morphologies.  At elevated temperatures intermediate phases will form and 
grow more rapidly than at lower temperatures because of the increased mobility of atoms 
at higher temperatures.  The morphologies associated with the intermediate phases are 
composition and geometry dependent.  For example, in a solid solution of iron and 
carbon at the eutectic composition, a eutectic microstructure upon cooling will be present 
in the form of a pearlitic structure of eutectic Fe3C and α Fe.  In a binary system, in 
which two metals are initially in contact with one another, but exclusive of each other, 
intermediate phase layers will form at the interface due to reaction and diffusion at 
elevated temperatures.  In both cases the phases that will be stable upon cooling are 
dependent upon the system and nonequilibrium cooling, which can cause metastable 
microstructures and phases to be present. 
Reports of ntermediate phase formation due to molten metal/solid metal 
interaction have been well documented for processes such as hot-dip galvanizing and 
soldering by Marder[10], Guttmann [11], Jordan [12], McDevitt [13], Schaefer [14], Kim 
[15], Kuntz 2006 [16] and others.  A typical hot-dip galvanizing process involves passing 
a metal substrate through a bath of molten Zinc, typically held at a constant temperature 
of around 450°C to 460°C, and then removing the substrate from the molten Zinc and 
allowing a thin layer of Zinc to solidify on the surface.  Many metal-Zn alloy systems 
have been characterized based on hot-dip galvanizing as the process is valuable in 
various manufacturing industries.  Soldering, on the other hand, entails applying a molten 
10 
 
metal with a low melting temperature or a combination of low melting temperature 
metals to two other metals in order to create an electrically conductive bond.  Lead-tin 
solders are typical in many electrical components, but lead-free solders are becoming 
increasingly popular because of harmful toxicological effects associated with lead.  Work 
done to characterize their electrical and thermal properties and more importantly, the 
mechanical properties associated with the resultant intermediate phases is popular in the 
circuitry industry.   
In general, intermediate phase formation is not specific to hot-dip galvanizing or 
soldering, but it just happens that these two well-known and established processes are 
similar to what is occurring in the Zinc PCM based TES system.  It has been shown in 
many cases that intermediate phases form at the interface between dissimilar metals 
where diffusion is promoted at elevated temperatures as well as at lower temperatures.  In 
the case of two exclusive metals in contact with one another, which is relevant to this 
study, much has been published about the characteristics of such systems.  For example, 
Van Loo and Rieck [17] described diffusion in multiphase formation in binary and 
ternary metal systems, specifically the Ti-Al, in order to determine reaction mechanisms 
of phase formation.  Williams et al. [18] studied the Ag-Zn system at 400°C and found 
that three intermediate phases formed during testing, which corresponded to the β, γ, and 
ε phase homogeneity regions of the Ag-Zn phase diagram.  They also reported that the 
relationship between annealing time and layer thickness was parabolic.   
1.4 Introduction of the Ni-Zn Binary System 
1.4.1 Equilibrium Phase Diagrams and Previous Work 
 The Ni-Zn equilibrium phase diagram is shown in Figure 1.  Early work 
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conducted by Tafel [19, 20], Voss [21], Tamaru [22], Heike, Schramm, and Vaupel [23, 
24], Schramm [25], and Tamaru and Osawa [26] showed experimentally determined 
invariant points, solvus lines, and other intermediate points in the Ni-Zn binary system. 
 These points along with other experimentally determined points were then used by Nash 
and Pan [27] and Hansen and Anderko [28] to create complete phase diagrams.  The 
combined work puts forth that there are six phases that exist in the binary Ni-Zn system. 
 These phases are α (Ni), β1, β, γ, δ, and Zn, which exist over the composition and 
temperature ranges shown on the phase diagram.  Another phase, γ1, was also shown to 
exist as an extension of the γ phase, which will be discussed later. 
 
Figure 1.  Nickel-Zinc equilibrium phase diagram [27]. 
 
Confirmation and optimization of the Ni-Zn binary system was successfully 
accomplished by Vassilev et al. [29] using BINGSS, a thermodynamic modeling 
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program.  Vassilev et al. coupled thermochemical and phase diagram data to calculate 
coefficients describing thermodynamic properties of all the Ni-Zn phases.  To model the 
Ni-Zn binary system, They treated the δ phase as a stoichiometric compound, NiZn8, the 
liquid phase and the Ni-based solid solutions as disordered substitutional phases, and β1, 
β, and γ as phases with substitutional defects and vacancies on two sublattices [29].  By 
modeling the phases as such, they were able to produce calculated phase diagrams that 
matched existing phase diagrams by Nash and Pan [27] and Hansen and Anderko [28] as 
well as experimentally determined data points from Tafel [19, 20], Voss [21], Tamaru 
[22], Heike, Schramm, and Vaupel [23, 24], Schramm [25], and Tamaru and Osawa [26].  
The calculated phase diagrams from Vassilev et al. are shown in Figure 2. 
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Figure 2.  Calculated Ni-Zn phase diagrams (a) without experimental data and (b) with selected 
experimental data points [29]. 
 
Su et al. [30] also optimized the binary Ni-Zn system using methods similar to 
Vassilev et al.; however, the CALPHAD method was used.  In this study, the β1, β, and γ 
phases were modeled as substitutional solutions without vacancies and the δ phase was 
described as an intermetallic with a stoichiometric formula of Ni2Zn15 [30].  Figure 3 
depicts the optimized binary Ni-Zn phase diagram calculated by Su et al. [30].  Their 
calculations showed reasonable agreement with experimental data points as found by 
Tafel [19, 20], Voss [21], Tamaru [22], Heike, Schramm, and Vaupel [23, 24], Schramm 
 
 
a 
b 
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[25], and Tamaru and Osawa [26].  The calculated phase diagram also correlates well 
with the binary Ni-Zn phase diagrams proposed by Hansen and Anderko [28] and Nash 
and Pan [27] as well as the calculated phase diagram reported by Vassilev et al. [29] 
(Figure 2).   
 
Figure 3.  Optimized Ni-Zn Binary Phase diagram with selected experimental data points [30]. 
 
1.4.2 Intermediate Phases of the Ni-Zn Binary System 
 As stated previously, there are six phases associated with discrete homogeneity 
ranges in the binary Ni-Zn system.  These phases are α (Ni), β1, β, γ, δ, and Zn.  A γ1 
phase region was also observed, but it has since been accepted that it is a part of the γ 
phase region.  These six phases are of importance to the binary Ni-Zn system and their 
homogeneity ranges, structure type, and stoichiometry are described below. 
 α Phase.  The α phase (Ni), having a high solubility for Zn, exists between 100 
wt.% Ni and its maximum at approximately 42 wt.% Zn at 1040°C.  The solvus line 
extends from approximately 29 wt.% Zn at 0°C to 42 wt.% Zn at 1040°C.  Its crystal 
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structure is a Cu-type (FCC) structure with Fm-3m symmetry [27].  A magnetic transition 
occurs at 354.4°C in pure Nickel and extends down to room temperature at 
approximately 21 wt% Zn.  Tamaru [22] determined that this magnetic transition, the 
Curie temperature, decreased as Zinc content increased within the α phase region. 
 β1 Phase.  β1 phase exists between approximately 48 wt.% Zn and 55 wt.% Zn 
and from 0°C to 810°C.  Its crystal structure is a CuAu-type [23, 31] structure with 
P4/mmm symmetry [27].  The CuAu-type structure is only possible at the stoichiometric 
composition.  Liang [32] proposed that the β1 phase existed as an fcc superlattice 
structure.  Heike et al. [23] determined a stoichiometric formula for the β1 phase.  They 
resolved that it was NiZn.  Hansen and Anderko [28] were able to determine the same 
structure.  Vassilev et al. [29] and Su et al. [30] modeled the β1 phase as structures with 
substitutional defects and vacancies on two sublattices.  
 β Phase.  β phase exists between 50 wt% Zn and 61 wt.% Zn and from 675°C to 
1040°C.  It is a high temperature phase that cannot be retained upon quenching.  Its 
crystal structure is that of the CsCl-type as reported by Heike et al. [24] and has Pm-3m 
symmetry [27].  This phase, unlike the β1 phase, has had little work performed on 
characterizing its crystal structure, because of difficulties of retaining it a room 
temperature.  However, Liang [33] observed the transformation of the β phase to the fct 
AuCu, β1 phase. 
γ Phase.  γ phase exists from 72 wt.% Zn to 87 wt.% Zn and from 0°C to 881°C. 
 The crystal structure associated with the γ phase is the Cu5Zn8-type structure, which was 
determined by Ekman [34].  It has a crystal symmetry of I-43m.  The stoichiometry and 
compound of the γ phase is not necessarily agreed upon amongst studies of this phase. 
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 Some researchers have described the γ phase as a stoichiometric phase; however, it has 
also been described as having a sublattice structure where no one particular stoichiometry 
is ascribed to it.  Ekman [34] determined the formula for γ phase to be Ni5Zn21.  Heike et 
al. [23] found that the γ phase had a structure that correlated with the formula, NiZn3, 
which is at the composition where congruent melting of this phase takes place. Nover 
[35] also determined that the stoichiometric formula for the γ phase was NiZn3 and stated 
the similarities between the γ phase and the γ-brass structure. Another reported 
stoichiometry for the γ phase was Ni4Zn22, as determined by Johansson et al. [36].  Aside 
from specific stoichiometric formulas, sublattices have been used to describe this phase 
as well.  Vassilev et al. [29] and Su et al. [30] modeled the γ phase as structures with 
substitutional defects and vacancies on two sublattices.   
γ1 Phase.  The γ1 phase is thought to be an extension of the γ phase that extends 
from 73.5 at.% Zn to 78 at.% Zn [25].  Schramm [25] found different Debeye-Scherer 
diffraction patterns than Heike et al. [23] within the same composition range.  He 
reported that this extension of the γ phase had a distorted γ brass structure opposed to the 
γ brass structure (Cu5Zn8) associated with the γ phase.  In an effort to further characterize 
the γ1 phase, transmission electron microscopy and X-ray analysis carried out by Morton 
[37] showed that there was no characteristic superlattice structure existing over the 
composition range wherein inversion anti-phase domains were observed.  He also 
reported that there was very little difference in the diffraction patterns of the γ1 phase and 
the γ phase, which led to the suggestion that the γ1 phase and the γ phase be combined 
into one single γ phase region.    
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 δ Phase.  δ phase exists from approximately 90 wt.% Zn to 91 wt.% Zn and from 
0°C to 490°C.  The δ phase crystal structure is a CoZn13-type structure with C2/m 
symmetry as found by Critchley [38].  Because of its narrow homogeneity range, 
validated by Schramm [25], the δ phase is commonly considered a stoichiometric, 
intermetallic, line compound, NiZn8 [23, 28, 29, 39].  However, Su et al. [30] considered 
the δ phase a stiochiometric intermetallic compound having a small compositional range 
with a fixed composition of Ni2Zn15.  Tamaru and Osawa [26] and Duchenko and 
Dybkov [40] also reported that the δ phase was a stoichiometric compound with the 
formula, Ni3Zn22.   
1.5 Motivation and Focus of this Research 
 The focus of this research will be to characterize the intermediate phases formed 
between molten Zinc and solid Nickel during various durations of exposure and to 
determine if the identification of the composition range across each of the phases.  This 
research is motivated by the need to find alternative and renewable energy sources as 
well as enhance existing energy sources to increase efficiency and capacity.  Work 
conducted by Zhao et al. [6] has already shown that there is potential in using metal 
PCMs, but that the efficiency and storage capabilities decreases due to unwanted metallic 
interaction during storage cycles.  Describing the metallic interaction between Nickel and 
Zinc and characterizing its products to give reason why the efficiency in the Zinc EPCM 
system decreases is of importance and further motivates this research.  This is be the 
scope of this work. 
2 Experimental Procedure 
2.1 Materials and Specimens 
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 The materials used in this investigation were Nickel Alloy 200 (commercially 
pure Nickel) and 99.997% pure Zinc (UNS-Z-13001 Zn-2 special high grade Zinc).  The 
chemical compositions of each are given in Table 3 and Table 4, respectively.  The 
Nickel was supplied as 0.5 inch diameter rods and the Zinc was supplied as 36 kg (80 lbs) 
ingots. 
Table 3.  Composition of commercially pure Nickel Alloy 200 (values are reported in wt.%). 
 
 
Table 4.  Composition of 99.997% pure Zinc (values are reported in wt.%). 
 
 
 Five 41.2 mm-long (1.63 inches) rods were sectioned from the original Nickel 
rods.  A 4 mm (0.17 inches) diameter  hole was then drilled perpendicular to the long axis 
11.1 mm (0.44 inches) from one end, through which a 316 stainless steel dowel was 
placed during hot dipping in molten Zinc.  The purpose of the dowels was to span the 
inner diameter of the crucibles in order to suspend the Nickel rods in the molten Zinc. 
 The surfaces of each rod were then ground in succession with 320, 400, and 600 grit SiC 
papers to make the surfaces uniform and remove imperfections.  Small, cylindrical billets 
with dimensions of 24.6 mm (0.97 inches) diameters and 25.4 mm (1 inch) heights were 
machined from the Zinc ingot.  The rods and billets were then cleaned with a degreasing 
agent in an ultrasonic cleaner.  They were then rinsed with water and ethanol.  Custom 
crucibles were made from an alumina silicate ceramic (lava stone) and baked out at 
250°C to remove any moisture.  Displayed in Figure 4 are the crucible, Zinc billet, and 
Nickel rod used during testing as well as an example of the Nickel rod suspended within 
Element C Cu Fe Mn Ni Si S 
Concentration <= 0.020 <= 0.25 <= 0.40 <= 0.35 >= 99.0 <= 0.35 <= 0.010 
Element Al Cd Cu Fe Pb Sn Zn OT
Concentration  <0.002 <0.003 <0.002  <0.003 0.003 <0.001 99.997  <0.010 
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the crucible.  The specimens were designated NZ1, NZ2, NZ4, NZ8, and NZ16 according 
to their exposure times of 1 hour, 2 hours, 4 hours, 8 hours, and 16 hours, respectively. 
  
Figure 4.  Examples of (a) the Ni Alloy 200 rod, Zn billet, and crucible and (b) the Nickel rod 
suspended in the crucible for hot-dipping. 
 
2.2 Hot-Dipping 
 Single Zinc billets were placed in each of the five crucibles then heated to 450°C 
 
b 
 
a 
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and held there for approximately 2 hours using an L&L Special Furnace.  Argon gas was 
bled into the furnace at a flow rate of approximately 250-300 mL/min to ensure minimal 
oxidation of the melt.  Once the Zinc was completely melted one Nickel rod was dipped 
into each crucible of molten Zinc.  Each Nickel/Zinc couple was held at 450°C for 
individual amounts of time.  The hold times were 1 hour, 2 hours, 4 hours, 8 hours and 16 
hours.  After the hold times were completed, the Nickel rods were removed from the 
molten Zinc and immediately quenched in water.  Water quenching was performed in 
order to retain the microstructure and phases found at the elevated temperatures.   
2.3 Metallographic Preparation 
 Disk-shaped samples were sectioned perpendicular to the length axis from each 
hot dipped and quenched Nickel rod.  Two samples were then sectioned from each disk 
and mounted in thermoset resin and Bakelite so that when viewed, a cross-section of the 
layers could be observed.  An automatic polisher was then used to metallographically 
prepare the mounted specimens.  The specimens were ground successively with 320 grit, 
400 grit, 600 grit, and 800 grit SiC paper using a waterless procedure to avoid staining 
and galvanic interaction between the Zinc and Nickel.  In place of water a lubricant 
comprised of 60% ethyl alcohol and 40% ethylene glycol with an adjusted pH of 
approximately 7-8 was used.  This lubricant provided sufficient lubrication as well 
inhibited selective etching and galvanic interaction.  The specimens were rinsed between 
each grinding step using ethyl alcohol and ethyl alcohol soaked cotton to remove debris 
from grinding.  The specimens were then polished successively with 3 μm diamond, 1 
μm diamond, and 0.25 μm diamond, rinsing with ethyl alcohol and alcohol soaked cotton 
between each step.   
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2.4 Light Optical Microscopy and Image Analysis 
 An Olympus BH-2 light optical microscope was then used to observe the 
specimens with polarized light.  The polarized light brought out grain contrast, which 
made distinction of intermediate phase layers evident.  Representative digital 
micrographs were captured and approximately twenty thickness measurements per 
specimen were made across the intermediate phase layers using a calibrated digital length 
measurement tool in PAX-it! ™ Version 7 image analysis software. 
2.5 Quantitative Analysis – Electron Probe Microanalysis (EPMA) 
 A JEOL JXA-8900 SuperProbe Electron Probe Microanalyzer coupled with 
AdvancedMicrobeam’s Probe for Windows Version 8.62 software package was used to 
determine the concentration of Nickel and Zinc within the intermediate phases that 
formed between the solid Nickel Alloy 200 exposed to molten 99.997% pure Zinc.  The 
JXA-8900 SuperProbe was operated with an accelerating voltage of 20 kV, a beam 
current of 30 nA, a 5 μm probe diameter, and at an analysis magnification of 4000x. 
 Geller standards were used to assign Nickel and Zinc standards to the analysis. 
 Concentration profiles from the Nickel, across the intermediate phases, to the Zinc were 
made for each of the five samples.  A step size of 2.5 μm was used for the 1 hour, 2 
hours, and 4 hours specimens and a step size of 5 μm was used for the 8 hours and 16 
hours specimens.  The step size was increased for specimens with thicker intermediate 
phase regions from that of those with narrower intermediate phase regions so that 
analyses took place in reasonable time frames.   
2.6 Phase Identification – Electron Backscattered Diffraction (EBSD) 
 EBSD was performed using a Hitachi S-4300SE scanning electron microscope 
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(SEM) with EDAX hardware and software.  Five to ten patterns were acquired and 
indexed within each intermediate phase region (IPL1 and IPL2) of each of the five 
specimens to provide statistical confirmation that the indexed phases were correctly 
indexed.  The patterns and indexes were recorded for each layer and sample.  
3 Results 
3.1 Observable Intermediate Phases 
Upon visual examination of the sectioned, hot-dipped and quenched Nickel rods, 
layers of uniform thickness were observed, which formed around the circumference of 
the Nickel rod underneath a thin Zinc outer layer.  The layer thicknesses appeared to 
increase with increasing exposure to the molten Zinc, with NZ1 having the thinnest layer 
formation and NZ16 having the thickest layer formation.  Though the specimens were 
removed from the molten Zinc and quenched after each exposure, thin layers of Zinc 
remained on the outermost portion of rods indicating that Zinc wetted the surface of the 
specimen.   
Figure 5 depicts representative areas of each of the five Nickel specimens, NZ1, 
NZ2, NZ4, NZ8, and NZ16 exposed to molten Zinc for 1 hour, 2 hours, 4 hours, 8 hours 
and 16 hours, respectively.  Two distinct, continuous layers are easily identifiable 
between the Nickel rod and outer Zinc layer in each specimen.  The first layer, adjacent 
to the Nickel, and the second layer, adjacent to the Zinc, are designated as intermediate 
phase layer 1 (IPL1) and intermediate phase layer 2 (IPL2), respectively, so as to easily 
differentiate one from the other.  IPL1 and IPL2 have similar, but separate morphologies. 
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Figure 5.  Light optical micrographs of (a) NZ1, (b) NZ2, (c) NZ4, (d) NZ8, and (e) NZ16.  The 
micrographs were taken using polarized light to pronounce the intermediate phase layers as well 
as the grain structure. 
 
3.1.1 Grain Orientation and Morphology 
Each intermediate phase layer consists of columnar grains extending radially 
outward and perpendicular to the surface of the Nickel rods  The grains in IPL1 appear to 
have grown independently (not epitaxially) from the surface of the Nickel.  Figure 6 
shows scanning electron microscope images of the interface between IPL1 and IPL2 
where grains on either side of the interface fell out during preparation.  It gives an 
example of the three dimensional morphology of the grains.  It can be seen that IPL1 
terminates uniformly at distances away from the Nickel/IPL1 interface that are 
proportional to the amount of time the specimen was exposed to molten Zinc.  IPL2 
extends from IPL1 to the outer Zinc layer and appears to be comprised narrower grains 
than observed in IPL1.  In general, IPL2 is thicker than IPL1 with longer, narrower, and 
more highly contrasted grains.  However, like IPL1, its thickness is proportional to the 
exposure time.  IPL2 does not uniformly terminate at the interface with the Zinc outer 
layer.  Its grains individually protrude into the Zinc.   
24 
 
 
 
 
Figure 6.  SEM images of the interface between IPL1 (top of each image) and IPL2 (bottom of 
each image) showing intergranular separation as well as interphase separation at (a) 450x and 
(b) 1000x 
 
The prevailing morphology of IPL2 is that of a continuous layer, which consists 
of grains ending at non-uniform distances, ranging from 1-10 μm, into the outer Zinc 
 
b 
 
a 
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layer.  However, in some instances, it was observed that the IPL2 grains separated from 
one another near the IPL2/Zinc interface and further into the IPL2 region.  Figure 7 
shows an example of the grain separation in NZ16, however it is evident to some extent 
in every specimen.  The separation occurs along grain boundaries.  A possible source of 
the separation is the formation of cracks at the grain boundaries.   
 
Figure 7.  Light optical micrograph of separation of IPL2 grains at the IPL2/Zinc interface as 
well as into IPL2 of NZ16. 
 
These cracks extend along the grain boundaries from the Nickel/IPL1 interface to 
the IPL1/IPL2 interface, at which position they may align parallel to the interface or 
continue through IPL2.  From the IPL1/IPL2 interface, the cracks continue along grain 
boundaries in IPL2 until they end at the IPL2/Zinc interface.  The grain boundary cracks 
can be associated with mismatches between coefficients of thermal expansion for Nickel, 
IPL1, IPL2, and Zinc.  As the specimens cooled, mismatches between coefficients of 
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thermal expansion likely caused residual stresses in the intermediate phases to develop. 
 In order to relieve the residual stresses, radial cracks along grain boundaries formed in 
IPL1 and IPL2. 
3.1.2 Layer Thicknesses 
 Table 5 summarizes the total layer thicknesses and thicknesses of IPL1 and IPL2 
for each specimen.  These measurements confirm that as the exposure time increases, the 
layer thicknesses increase. Previous work by Duchenko and Dybkov [40] showed similar 
results in Ni-Zn diffusion couples that were annealed for various times at 400°C.  While 
Duchenko and Dybkov’s data is for annealed diffusion couples and not solid Nickel 
exposed to molten Zinc, their results indicate that layer growth increases as annealing 
time increases and that the layer more rich in Zinc will be thicker than the layer less rich 
in Zinc.  
Table 5.  Average thicknesses of IPL1, IPL2, and the average total layer thickness measured for 
each specimen. 
 
 
3.2 Quantitative Analysis - Concentration Profiles 
 Electron probe microanalysis (EPMA) was used to determine the linear 
concentration profiles across IPL1 and IPL2.  These concentration profiles are presented 
Specimen NZ1 NZ2 NZ4 NZ8 NZ16
Thickness 
(µm)
11 27 44 85 134
Specimen NZ1 NZ2 NZ4 NZ8 NZ16
Thickness 
(µm)
14 40 72 136 201
Specimen NZ1 NZ2 NZ4 NZ8 NZ16
Thickness 
(µm)
25 67 116 221 335
IPL1
IPL2
Total
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in Figures 7 through 11.  Each profile represents the elemental concentrations of Nickel 
and Zinc in weight percent (wt.%) from a region of pure Nickel (Ni Alloy 200), across 
IPL1 and IPL2, to a region of pure Zinc.  Three discontinuities, denoted by abrupt 
concentration changes, are evident in each profile and relate to the Nickel/IPL1 interface, 
the IPL1/IPL2 interface, and the IPL2/Zinc interface.  Accompanying the discontinuities, 
on either side of the interfaces, are regions of concentration homogeneity.  The 
compositions of these regions are consistent with the compositions of the α phase (or 
Nickel), γ phase (76.0 wt.% Zn to 87.5 wt.% Zn), δ phase (89.5 wt.% Zn to 91.0 wt.% 
Zn), and pure Zinc as indicated by the binary Ni-Zn phase diagram (Figure 1).  The 
composition measurements from IPL1 and IPL2, as determined by EPMA, are similar to 
the homogeneity ranges of the γ phase and δ phase, respectively.  The average 
composition ranges of IPL1 and IPL2 for each specimen, NZ1, NZ2, NZ4, NZ8, and 
NZ16, are approximately 78.54 wt.% Zn to 85.46 wt.% Zn and 87.59 wt.% Zn to 90.12 
wt.% Zn, respectively.  It should be noted that the composition range found for IPL2 
extends slightly beyond the homogeneity range of δ phase on the Zinc deficient side of 
the region.  The slightly larger composition range found in IPL2 extends into the γ+δ 
phase region of the binary phase diagram.   These ranges, however, are not found over 
the same distances in each specimen; they are confined to the thicknesses of IPL1 and 
IPL2 for each specimen.  The composition ranges determined in IPL1 and IPL2 for each 
specimen, along with the thickness over which compositions were measured, can be 
found in Table 6. 
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Figure 8.  Linear concentration profile for NZ1 determined by EPMA.  The composition ranges 
and thicknesses of IPL1 and IPL2 are 79.45 wt.% Zn to 86.50 wt.% Zn over a thickness of 11 μm 
and 87.76 wt.% Zn to 90.53 wt.% Zn over a thickness of 14 μm, respectively. 
 
Figure 9.  Linear concentration profile for NZ2 determined by EPMA.  The composition ranges 
and thicknesses of IPL1 and IPL2 are 77.90 wt.% Zn to 84.99 wt.% Zn over a thickness of 27 μm 
and 87.04 wt.% Zn to 90.18 wt.% Zn over a thickness of 40 μm, respectively. 
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Figure 10.  Linear concentration profile for NZ4 determined by EPMA.  The composition ranges 
and thicknesses of IPL1 and IPL2 are 78.11 wt.% Zn to 84.60 wt.% Zn over a thickness of 44 μm 
and 86.79 wt.% Zn to 90.02 wt.% Zn over a thickness of 72 μm, respectively. 
 
Figure 11.  Linear concentration profile for NZ8 determined by EPMA.  The composition ranges 
and thicknesses of IPL1 and IPL2 are 79.55 wt.% Zn to 85.40 wt.% Zn over a thickness of 85 μm 
and 88.86 wt.% Zn to 90.39 wt.% Zn over a thickness of 136 μm, respectively. 
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Figure 12.  Linear concentration profile for NZ16 determined by EPMA.  The composition ranges 
and thicknesses of IPL1 and IPL2 are 77.86 wt.% Zn to 85.80 wt.% Zn over a thickness of 134 μm 
and 88.52 wt.% Zn to 89.49 wt.% Zn over a thickness of 201 μm, respectively. 
 
Table 6.  Composition ranges and layer thicknesses for of IPL1 and IPL2 determined for 
each specimen using EPMA. 
 
 
3.3  Phase Identification 
 Representative electron backscattered diffraction (EBSD) patterns corresponding 
Specimen NZ1 NZ2 NZ4 NZ8 NZ16
Composition 
Range 
(wt.% Zn)
79.45 - 86.50 77.90 - 84.99 78.11 - 84.60 79.55 - 85.40 77.86 - 85.80
Thickness 
(µm)
11 27 44 85 134
Specimen NZ1 NZ2 NZ4 NZ8 NZ16
Composition 
Range 
(wt.% Zn)
87.76 - 90.53 87.04 - 90.18 86.79 - 90.02 88.86 - 90.39 88.52 - 89.49
Thickness 
(µm)
14 40 72 136 201
IPL2
IPL1
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to IPL1 and IPL2 for each specimen, NZ1, NZ2, NZ4, NZ8, and NZ16, are shown in 
Figures 13 through 17.  In each figure a pattern for IPL1 and IPL2 is presented along with 
the indexed solution overlaid on an identical pattern.  Using information gathered from 
EPMA as well as the binary equilibrium phase diagram for the Ni-Zn system and 
literature, possible solutions for the identification of IPL1 and IPL2 were determined to 
be γ phase and δ phase, respectively.  Phase identification through EBSD also evidenced 
IPL1 and IPL2 correlating to the γ phase and δ phase, respectively.  The results of EBSD 
show that IPL1 has a structure best fitting that of the NiZn3 phase as proposed by Heike 
et al. [23] and Nover [35].  They also show that IPL2 has a structure best fitting that of 
the Ni3Zn22 phase as found by Tamaru and Osawa [26] and Duchenko and Dybkov [40]. 
 However, some slight variations in the backscattered diffraction patterns from IPL2 
caused indexes for Ni5Zn21, NiZn7.33, and NiZn3 to fit the patterns better than the index 
for Ni3Zn22.  
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Figure 13.  Electron backscattered diffraction patterns from NZ1 of IPL1 and IPL2 alongside 
their respective indexed solutions overlaid on the same pattern. 
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Figure 14.  Electron backscattered diffraction patterns from NZ2 of IPL1 and IPL2 alongside 
their respective indexed solutions overlaid on the same pattern. 
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Figure 15.  Electron backscattered diffraction patterns from NZ4 of IPL1 and IPL2 alongside 
their respective indexed solutions overlaid on the same pattern. 
35 
 
 
 
Figure 16.  Electron backscattered diffraction patterns from NZ8 of IPL1 and IPL2 alongside 
their respective indexed solutions overlaid on the same pattern. 
36 
 
 
 
Figure 17.  Electron backscattered diffraction patterns from NZ16 of IPL1 and IPL2 alongside 
their respective indexed solutions overlaid on the same pattern. 
 
4  Discussion 
4.1  Relation of Intermediate Phase Thickness to Exposure Time 
 A typical method of relating the intermediate phase thickness or thicknesses to the 
exposure time is the power law relation.  Its equation is given as, 
x=kt
n
    (Eq.  1) 
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where x is the layer thickness (meters), k is the rate constant (m/s
n
), t is time (seconds), 
and n is the growth exponent.  The growth exponent, n, is an indication how fast the 
layers grow as well as the mechanism by which they grow.  When n=1 in the case of 
solid/solid interaction, growth is reaction controlled.  This means that the overall rate of 
layer formation is limited by the rate of chemical transformations [41].  Dybkov 
explained that when two metals, A (higher melting temperature) and B (lower melting 
temperature), are in contact with one another at elevated temperatures, interface reactions 
take place.  Initially the layer formed between A and B is very thin and the reactivity of A 
is high because the availability of B atoms is almost instantaneous across the interface, 
hence the reaction controlled growth.  For values of n=0.5 in the same case the 
mechanism that controls growth is diffusion.  This is commonly known as diffusion 
controlled growth and is heavily dependent upon diffusion of one species through the 
growing layer.  As time increases the effect of chemical transformations decreases, 
because the supply of B atoms is no longer instantaneous due to an increased distance 
over which the atoms must move to reach the interface.  Because of the increased layer 
thickness, layer formation becomes diffusion dependent.  Growth in the diffusion 
controlled regime (n=0.5) is typically parabolic with respect to time.  It should be noted 
that these values of n are associated with solid-solid interaction, not solid-liquid; 
however, similar relations can be made for solid-liquid interactions. 
 Here, the power law relation was used to predict the total layer thickness, as well 
as the layer thicknesses of IPL1 and IPL2.  Instead of assuming a parabolic (n=0.5) or 
linear (n=1) relationship between the layer thickness and time, values of k and n were 
determined from the experimental data.  k and n were calculated by plotting the natural 
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log of thickness versus the natural log of time for IPL1 and IPL2.  Equation 2 shows the 
linear relationship between ln(x) and ln(t) in order to determine k and n.   
ln(x) = nln(t) + ln(k)    (Eq. 2) 
A first approximation, where one value of k and n was found for the entire data set, 
showed that the fitted curve over- and underestimated the experimental data.  A plot of 
ln(x) versus ln(t) for the entire data range gave a non linear curve.  Therefore, fitting a 
single linear trendline to the data to extract k and n from the equation of the trendline in 
the form of equation 2 resulted in a poor fit.  Due to the poor fit, another method using 
the power law relation was used where two values of k and n were calculated for IPL1 
and IPL2. 
 Calculating two values of k and n for both IPL1 and IPL2 required dividing the 
data for each phase layer into two regimes.  The two regimes, labeled 1 and 2, enveloped 
the exposure time ranges of 1 to 4 hours and 4 to 16 hours, respectively.  ln(x) versus 
ln(t) was plotted for regimes 1 and 2 for IPL1 and IPL2.  The values of k and n for each 
regime of the two intermediate phase layers are given in Table 7.  Figure 18 shows a plot 
of the measured layer thicknesses and the calculated curves based on multiple values for 
k and n with respect to time.  The calculated curves, constructed using two values of k 
and n for each intermediate phase layer, fit the measured data much better than curves 
calculated using single values of k and n or assuming parabolic (n=0.5) relationships for 
each intermediate phase layer.  A better fit could potentially be made with more data at 
times between and beyond the existing data.   
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Table 7.  Calculated values of the rate constant, k, and the growth rate exponent, n, determined 
for IPL1 and IPl2 (kr.p and nr.p are the k and n values for IPL1, r=1, in the first and second 
regimes, p=1 and p=2, and for IPL2, r=2, in the first and second regimes, p=1 and p=2). 
 
 
 
Figure 18.  Experimentally measured thicknesses and calculated thickness with respect to 
exposure time for IPL1, IPL2, and the combined (total) layers. 
 
The values of k are similar in magnitude to values reported by Duchenko and 
Dybkov [40] for annealing Ni/Zn couples at 400°C for 1 to 25 hours.  The values of n, 
however, are not in agreement with n=0.5 or n=1 as assumed by Duchenko and Dybkov 
and others.  n values of 1.29 and 0.7884 for IPL1 and 1.52 and 0.79 for IPL2 for regimes 
1 and 2, respectively, are higher than the assumed values of 0.5 and 1.  As stated before, 
the power law relation is typically used for annealing, wherein the annealing temperature 
is below that of the material with the lowest melting point.  Because the reaction 
k1.1 n1.1 k1.2 n1.2
2.72x10
-10 1.2955 2.43x10
-8 0.7884
k2.1 n2.1 k2.2 n2.2
5.75x10
-11 1.5246 3.70x10
-8 0.7905
IPL1
IPL2
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temperature in this study was at 450°C, 30°C above the melting point of Zinc, diffusion 
and reaction processes take place more rapidly and may occur simultaneously causing the 
data to not behave in a parabolic fashion.  Dybkov states that the thickness-time kinetic 
relationships aren’t strictly parabolic and that depending on diffusional constants the 
different parts of growth may be described by linear, paralinear, asymptotic, and other 
laws [41].  Also, the activity of Zinc atoms in the liquid state will be much greater than 
the activity of Zinc atoms in the solid state.  In this case, interface reactions between the 
two species, diffusion, and layer growth will be accelerated as denoted by the high values 
of n.  However, at longer times when n=0.79, n is nearing 0.5 and diffusion through the 
solid starts to dominate growth.  This would be consistent with longer diffusion paths 
through the solid layers. 
Even though the values of n calculated for IPL1 and IPL2 are large due to the 
increased activity of molten Zinc, they show that the rate of layer formation decreases as 
exposure time increases.  This trend is in agreement with results found by Duchenko and 
Dybkov [40] in their studies of intermediate phase growth in multicomponent systems. 
 As the thickness of the layers increase, the mechanisms controlling growth change.  The 
increasing thicknesses of the layers causes further growth of the layers to depend on the 
diffusion of atoms through the layers instead of on the almost instantaneous reaction 
between the pure species to form the layers.  Schaefer et al. [14], Shaw and Rolls [42], 
Springer et al. [43], and Savvin et al. [44] have reported results of phase formation and 
growth between dissimilar metals, with which the results presented here are in agreement. 
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4.2 Phase Identification 
Literature suggests that the γ phase homogeneity region has the structures of 
Ni5Zn21 [34], NiZn3 [23, 35], and Ni4Zn22 [36].  Literature also suggests that the delta 
phase homogeneity region has the structures of NiZn8 [23, 28, 29, 39], Ni2Zn15 [30], 
and Ni3Zn22 [26, 45].  Only in some cases, have these compounds been associated with 
specific compositions.  Because a stoichiometric structure has not been agreed upon to 
represent either the γ phase or δ phase, identification of the structure of the intermediate 
phases was obscured.   
4.2.1 γ Phase 
Results from EBSD, shown in the backscattered diffraction patterns in Figures 13 
through 17, revealed that the structure of IPL1 was that of NiZn3, which agreed with the 
compound formula found for the γ phase by Heike et al. [23] and Nover [35].  The 
confidence indexes (CI) associated with the indexed patterns were typically below 50%, 
meaning that either the fit or reflection was not ideal and of somewhat poor quality.  Low 
CIs and poor fits of the indexed reflections to the patterns are likely due to a high number 
of possible solutions existing for a system or variation in the pattern from the ideal 
model.  Variation can occur from poor surface quality of the specimen or from the actual 
structure being distorted itself.  Morton [37] reported that the structure of the γ phase is a 
distorted γ-brass structure and not a perfect γ-brass structure.   This could significantly 
affect the pattern and make correctly indexing a diffraction pattern difficult.   
4.2.2 δ Phase 
 The backscattered diffraction patterns in Figures 13 through 17 also showed that 
the structure of IPL2 was indexed as Ni3Zn22, which corresponded to the structure found 
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for the δ phase by Tamaru and Osawa [26] and Duchenko and Dybkov [40].  Slight 
variations in the diffraction patterns were noticed while obtaining the diffraction patterns, 
which led to some patterns being indexed as Ni5Zn21 or NiZn3 as well as Ni3Zn22 with 
significant CIs.  The cause of this is related to the composition range over which IPL2 
was determined to exist.  IPL2 exists of the composition range of 87.59 wt.% Zn to 90.12 
wt.% Zn.  The δ phase homogeneity region only exists between 89 wt.% Zn to 91 wt.% 
Zn.  The slight extension of IPL2 into the γ+δ phase region of the Ni-Zn binary phase 
diagram could cause distortion of backscattered diffraction patterns as well as the 
evolution of mixed patterns.   
4.3 Absence of Phases Predicted by the Equilibrium Phase Diagram 
 At room temperature and 450°C the Ni-Zn equilibrium phase diagram predicts 
that three homogeneous phases between Nickel and Zinc should exist, β1, γ, and δ. 
 However, from light optical microscopy, EPMA, and EBSD it was determined that only 
two phases existed, γ and δ.  The existence of fewer phases than predicted by a system’s 
phase diagram has been documented by Dybkov [40], Marder [10], Jordan [12], Schaefer 
[14], .  A detailed description of the formation of two phases between two metals is given 
by Dybkov [41, 46] for the Ni-Bi, Ni-Zn, and Co-Zn systems annealed at 250°C and 
400°C.  
Dybkov explains that in a Ni-Zn pair, during solid/solid interaction, there can 
possibly be three intermetallides that form, NiZn, NiZn3, and Ni3Zn22, as phases with 
constant compositions [46].  NiZn, β1 phase, is absent while Ni3Zn22, δ phase, and NiZn3, 
γ phase, grow by diffusion of Zinc atoms and Nickel atoms, respectively, through their 
volume.  Ni3Zn22 grows first because it is a phase more enriched in Zinc, which is more 
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fusible due to the Zinc atoms’ increased mobility compared to Nickel at any given 
temperature [46].  Once the thickness of Ni3Zn22 has become significant to the point 
where appreciable diffusion of Zinc through the layer occurs, does the NiZn3 layer begin 
to form.  This occurs when the thickness of Ni3Zn22 is on the order of a few nanometers, 
almost instantaneously.  When the two layers exist simultaneously, they grow 
simultaneously in accordance with the reactions in equations 3 and 4.    
13Zndiff + 3 NiZn3 = Ni3Zn22   (Eq. 3) 
13Nidiff + 3Ni3Zn22 = 22NiZn3   (Eq. 4) 
 
 According to Dybkov [46], NiZn may also form when the source of Zinc is 
depleted or removed.  At this point NiZn forms at the expense of Ni3Zn22 and NiZn3. 
 Because NiZn is richer in Ni than NiZn3 and Ni3Zn22, it forms at the Ni- NiZn3 interface. 
 It relies on the decomposition of Ni3Zn22 to NiZn3 and Zn and diffusion of the Zinc 
atoms through NiZn3 for its formation.  If the annealing process is stopped before Ni3Zn22 
is completely consumed, three intermediate phases will exist.      
 In the case of Solid/liquid interaction, which is the case of the current study 
expressed here, a similar, yet exacerbated reaction scheme occurs.  The reactions are 
exacerbated because the temperature of the system is 30°C beyond the melting point of 
Zinc, causing the activity and mobility of the Zinc to increase.  In this system, just like in 
the instance described by Dybkov [46], an almost instantaneous formation of Ni3Zn22, or 
δ phase, must occur where diffusion of Zinc across its thickness becomes appreciable. 
 NiZn3 subsequently forms at the Ni- Ni3Zn22 interface.  Reactions according to equations 
3 and 4 occur where Nickel atoms diffuse through NiZn3 and Zinc atoms diffuse through 
Ni3Zn22 simultaneously and both phases grow.  In this experiment, NiZn will not form 
because there is a continuous source of Zinc available for the formation of both layers. 
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 Because there are constant sources of Nickel and Zinc, the reactions may keep occurring 
due to the diffusion of Nickel and Zinc atoms through each of the phases. 
 It can be seen in Figure 18 that as the exposure time increases, the thicknesses of 
IPL1 and IPL2 increase.  However, it can also be seen that the respective rates at which 
each layer grows decrease, denoted by the change in slope of the curves.  This is 
indicative of a longer path over which the Zinc and Nickel atoms must diffuse to form 
IPL1 and IPL2.  Since IPL1 is thinner than IPL2, the diffusion path for Nickel is shorter 
than that for Zinc causing IPL2 to grow faster than IPL1. 
5  Conclusions 
 The intermediate phases formed at the interface between solid Nickel and liquid 
Zinc at 450°C were studied in order to determine the relation of layer thickness to 
exposure time, how many as well as which phases were present, and how these layers 
affect the energy storage properties of a Zinc PCM-based TES system.  Through 
experimental formation of the layers, light optical microscopy, electron probe 
microanalysis (EPMA), and electron backscattered diffraction (EBSD) the following 
conclusions can be made.  
1. Only two of three possible phase homogeneity regions form between solid Nickel 
and liquid Zinc under the conditions of the performed experiment. 
2. The composition range of the two phases found between the solid Nickel and 
liquid Zinc by EPMA are approximately 78.54 wt.% Zn to 85.46 wt.% Zn and 
87.59 wt.% Zn to 90.12 wt.% Zn.  These composition ranges agreed with the 
composition ranges of the γ and δ phases of the Ni-Zn equilibrium phase diagram. 
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3. Further confirmation of the identity of the γ and δ phases was provided by EBSD.  
The γ and δ phases were indexed as NiZn3 and Ni3Zn22, respectively.  Some 
ambiguity, however, existed in determination of the δ phase due to different 
solutions being present as well as the composition range determined by EPMA 
extending slightly into the γ+δ phase homogeneity region.  The overall structure 
was still determined to be Ni3Zn22.  NiZn3 and Ni3Zn22 are in agreement with 
results reported by Heike et al. [23] and Nover [35] and Tamaru and Osawa [26] 
and Duchenko and Dybkov [40] for the γ and δ phases, respectively. 
4. The thicknesses of the γ and δ phases increased with increasing exposure time.  
The combined thicknesses of the γ and δ phases for the exposure times of 1 hour, 
2 hours, 4 hours, 8 hours, and 16 hours were 25 μm, 67 μm, 116 μm, 221 μm, and 
335 μm, respectively.  
5. The growth of the layers was determined to be diffusion controlled and the rate of 
growth decreased as the exposure time increased.   
6. Combined with calorimetry results published by Zhao et al. [6] the formation and 
growth of the γ and δ phases is detrimental to the storage capacity of a Zinc PCM-
based TES storage system.   
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